Introduction
pathological response to injury of the entire vascular wall [3] . Over the past 20 years various efforts have been made Percutaneous transluminal coronary angioplasty (PTCA) to prevent restenosis by pharmacotherapy [4] or alternative is a safe and effective method in the treatment of coronary interventional methods, but none of them resulted in an artery disease, but it is still limited by restenosis that effective therapy concept, except stent implantation [5] . occurs in 30-50% of cases within few months after the Recent experimental [6] [7] [8] [9] [10] [11] and clinical studies [12-14] intervention. In the pathogenesis of restenosis complex showed that intravascular brachytherapy might have a mechanisms are involved: neointimal formation by imbeneficial effect on the development of restenosis. If migration and proliferation of vascular smooth muscle radiation energy is delivered to a dividing cell, the effects cells, extracellular matrix synthesis [1, 2] , and so-called are independent of the source used. Cell division should be negative remodeling or shrinking of the artery as a equally inhibited by g-or b-radiation, if the energy is brought to the intended target. This aim seems to be reached most easily by using gamma sources that deeply studies that intravascular gamma irradiation can inhibit the achieved [16] . So the maximum dose of 60 Gy at the proliferative response after vascular injury. Waksman et al. vessel surface used in this study (i.e. 30 Gy at 0.5-mm [8] and Weinberger et al. [10] found a dose dependent depth) could be obtained within 8 min. decrease of neointimal formation following a dosage of 7 The volume-dose relation is explained in detail by Gy at 2 mm from the radiation source, and of 15 Gy on the Kotzerke et al. [16] . In short, balloon volume of a typical vessel surface, respectively. catheter (3.0320 mm) increases from 0.121 ml at 3 atm to The radioprotection and the long application times, 0.151 ml at 10 atm. The balloon surface dose of a however, might restrict the use of gamma sources. In Rhenium-188 filled balloon catheter (3.0 mm at a pressure contrast, low ranging b-radiation can be shielded by of 6 atm, 0.134-ml volume will decrease by 3.3% at 3 atm plastic, so the radiation exposure to the staff or even the and increase by 3.9% at 10 atm for liquid Rhenium-188. patient is minimal. The tissue penetration, however, is limited and large vessels or thick plaque material might 2.2. Animal model and study protocol restrict effective energy deposition. Nevertheless in first experimental trials the application of b-energy was effiAll experimental procedures were approved by the cient and Waksman et al. [6] even showed that at a dosage Animal Research Committee of the regional governmental of 14 Gy at 2 mm from the radiation source, the effects of authorities and conformed with the Guide for the Care and b-and g-radiation on neointimal formation were comparUse of Laboratory Animals published by the US National able. However, the use of b-emitting wires as a radiation Institutes of Health. source is problematic: despite the use of specially designed
In 68 male New Zealand White rabbits under general delivery systems exact centering (essential for a homogeanesthesia, the right common carotid artery was prepared. neous dose delivery) is almost impossible. In contrast By direct atheriotomy, endothelium denudation was perradiotherapy with a liquid-filled (e.g. Rhenium-188) balformed with a 2F Fogarty catheter (Baxter Healthcare, loon catheter, that is self-centering, provides a radiation Irvine, CA, USA). Subsequently a 3.0-mm balloon catheter field that conforms to the vessel geometry in an optimal (Medtronic, Minneapolis, MN, USA) was introduced into fashion, independent of bending of the artery, cardiac the vessel and inflated with radioactive Rhenium-188 in motion or stenosis morphology. Rhenium-188 is a high the denuded segment. The size of the balloon catheter was energy b-source in solution with a short half-life (17 h) chosen so that it fitted well in the vessel lumen without and daily availability from a Tungsten / Rhenium generator.
causing additional injury. Because of the specific activity The aim of this study was to examine the feasibility and and the intended radiation absorbed dose, the catheter had the antiproliferative effect of intravascular brachytherapy to be kept in position for energy application for |3-10 min after vessel injury with a Rhenium-188 filled balloon in an (Fig. 1 ). After this procedure the small cut in the vessel experimental model of restenosis.
wall was sutured with 7-0 polypropylene (Ethicon, Norderstedt, Germany) and the vessel was reperfused again.
The animals were open randomized into six groups, 2. Methods according to the radiation dosage that was applied to the vessel wall: control (n512), 7. To determine the cells undergoing DNA synthesis, the compared to calculations using the point kernel function of thymidine analogue BrdU was given to the animals 18 and Rhenium-188 [16] . High correlation was found between 12 h before excising the vessel. In a subcutaneous neck the theoretical and the measured radiation dose, showing a depot 100 mg / kg body weight BrdU and 75 mg / kg body fast drop to 50% within 0.5 mm. Assuming a specific weight deoxycytidine (both from Sigma, Deisenhofen, activity of 3.7 GBq / ml at the surface of a typical balloon Germany) were applied 18 h before the animals were catheter (3.0320 mm, 135-ml volume and at 0.5-mm killed. Additionally they received 30 mg BrdU and 25 mg distance (i.e. 2-mm distance from the center of the balloon) deoxycytidine (each per kg body weight) intramuscularly dosages of 7.8 and 3.9 Gy / min, respectively, can be twice with 6 h between injections [17]. The application system is comparably simple (a), being based on a conventional balloon catheter that can be filled with Rhenium-188 over a plastic-shielded syringe. A liquid-filled balloon catheter, that is self-centering, provides a homogeneous radiation field that conforms to the vessel geometry in an optimal fashion (b).
Histological preparation and examination
Morphometrical analysis of intimal area and plaque maximum thickness was carried out with a digital imagë After |24 h in formaline, the vessels were embedded in analyzer (Nikon, Dusseldorf, Germany; software packagë paraffin and serially cut into cross-sections of 4-mm from Binlaney Consulting, Dusseldorf, Germany) that thickness. For morphologic examinations the cuts were allowed an exact quantification of the intimal lesions in stained with hemalaune, hematoxylin and eosin. For cross-sections after EvG-staining. morphometry Elastica van Gieson (EvG) staining was performed.
2.5. Statistical evaluation Proliferating cells, smooth muscle cells and macrophages were indicated immunohistologically, based on the All values are expressed as median in combination with biotin-avidin method [18, 19] .
the first and the third quartile. The significance of differThe incorporation of BrdU during 18 h of the labeling ences was determined using the Wilcoxon signed-rank test. allowed determination and quantification of cellular prolifDifferences were considered significant at an a-error level eration in the dilated arterial segment. To identify cells of P,0.05. containing BrdU, a monoclonal antibody from Bio Cell Consulting (Grellingen, Switzerland) was used. Additionally, the cross-sections were counter-stained with 3. Results hemalaune. The same indication method was used for macrophages with a RAM-11 antibody (Dako, Hamburg, A total of 68 New Zealand White rabbits (3.0-3.5 kg) Germany) and smooth muscle cells with an antibody underwent intervention, with 12 in the control group and (Renner, Dannstadt, Germany) against a-actin, which is the others receiving intravascular brachytherapy in differknown to be a highly specific marker of smooth muscle ent dosages. Then 28 days after intervention the right cells [20, 21] .
common carotid artery was excised and histologically For quantification of the proliferating cells and macroanalyzed. One major problem was the high thrombosis phages in the plaques, the marked neointimal cells were rates in all groups (control: 50%; 7.5 Gy: 50%; 15 Gy: counted, set in relation to the total intimal cell number and 42%; 30 Gy: 42%; 45 Gy: 50%; 60 Gy: 42%). The given in percent for each cell type. thrombosis rate, however, was comparable in all groups To examine re-endothelialisation after intervention, and independent of the radiation dosage applied. Thromendothelial cells were marked immunohistologically with bosed vessels were excluded from further analysis and do an antibody against von Willebrand's factor (vWF; antinot appear in the results. human VIII related antigen; Atlantic Antibodies, Incstar, Stillwater, MN, USA). The evaluation was done semi-3.1. Control group quantitatively (control, 7.5, 30 and 60 Gy) estimating the percentage of the vWF-positive luminal cells (1: 0-25%;
In all vessels an extended neointimal formation could be 11: 25-50%; 111: 50-75%; 1111: 75-100%).
seen, containing predominantly smooth muscle cells as and irradiated groups.
Concerning the proliferation rate in the irradiated vesdetected by a-actin staining. Foam cells were found sels, especially at the lower doses, a trend to increased especially in plaque areas close to the internal elastic proliferative activity was obvious, but the differences were membrane. The structure of the vessels was intact, endonot statistically significant (7. 
3%]). could be detected by vWF-staining 28 days after interven-
In contrast to control groups, in all irradiated groups tion (Table 1) .
(independent of radiation dosage), no or only a few incoherent vWF-positive cells, as a marker for functional 3.2. Irradiation groups intact endothelium, could be detected in the luminal cell layer (Table 1 ). Following 7.5-to 30-Gy surface dose the vessel morphology was comparable to the control group. In all histological cuts a neointimal formation of smooth muscle 4. Discussion cells was seen (Figs. 2 and 3) . Whereas in the 7.5-Gy group brachytherapy had no effect on the intimal area
The major finding of this study is the feasibility and the Unfortunately, little is known about the exact absolute successful experimental and clinical studies, the dose dose needed for efficient vascular radiotherapy or the delivery was described poorly or inconsistently, and the optimal spatial and temporal dose distribution. In many area where the mentioned dosage was delivered varies. It was recommended that dose should be specified with also been reported from human coronary brachytherapy reference to a point 2 mm distant from the axis and the usually occurring late after the intervention (2-3 months) center of a catheter based system [22] . In a radioisotope which is outside the timescope of this study [26] . From our filled balloon the vessel surface represents a better referexperimental data there is no evidence for higher thromence point which is independent of the vessel diameter. bosis rates after intravascular radiation. Although we found In consequence the dosages described in our experimen-|40-50% of the vessels thrombosed, this is more a tal setting are those that have been applied to the vessel limitation of the model (atherotomy and denudation in the surface. Following 15-Gy surface dose (according to 7.5 same vessel) than a result of brachytherapy, as the Gy at 0.5-mm depth) a significant reduction of neointimal thrombosis rate did not differ in both the control and the formation could be detected 4 weeks after balloon angiopradiation groups. Nevertheless our study might show the lasty. This result conforms with the findings of Verin et al.
causes of late thrombosis in irradiated vessels, i.e. an [11] who have also investigated the effect of 90-yttrium in inhibition of re-endothelialisation even at low radiation a rabbit model; they found a significant reduction in dosages in the intimal layer. percent area stenosis at their maximum dose of 18 Gy
Despite the high dosages we applied, none of the vessels (balloon surface) after 6 weeks, while lower radiation showed any aneurysms or dissection, and the area surdosages (6 and 12 Gy) were not effective.
rounded by the internal elastic lamina did not differ In our study, despite the significant effect of 15 and 30 significantly between the study groups. It is questionable Gy, an extended neointima could still be seen in the whether any severe structural damage can be caused in the histological cross-sections, whereas no neointimal plaques vessel wall by the rapid dose decrease of b-energy at the were found at 45 and 60 Gy. Waksman et al. [7] have dosages used. Even in the swine model used by Waksman reported the complete suppression of neointimal formation et al. [7] , after extensive wall damage including a wide after high dose irradiation (28 and 56 Gy at 2 mm from the rupture of the internal elastic membrane by overstretch radiation source).
injury, with b-radiation of 58 Gy at 2 mm from a centered In addition to these reports, the first data about inwire source, no aneurysm formation could be detected. travascular brachytherapy with Rhenium-188 in a swine Fibrosis is a typical late complication after radiation model have been reported. Whereas Makkar et al. [23] therapy and normally occurs years after the exposure, so found a significant effect on restenosis development in therefore it can certainly not be seen after a follow-up stented arteries with 14 Gy at 0.5 mm from the balloon period of 4 weeks. Also, the exposure of the surrounding surface, Weinberger et al. [24] showed a decrease of tissue using intravascular b-radiation is minimal and neointimal area with only 25 Gy, at a radiation dose of 11 fibrotic changes can hardly be expected. Gy at 0.5-mm depth: however, no effect on neointimal An unlikely but possible complication is the often formation was detected. These results conform with our discussed problem of balloon rupture in clinical application data in the rabbit model, and it might be supposed that with release of radioactivity. Kotzerke et al. [27] estimated using this technique a radiation dose of at least 15 Gy at radiation exposure to 0.42 mSv / MBq Re-188 which can 0.5 mm from the balloon surface is required to effectively be reduced to 0.16 mSv / MBq by subsequent use of suppress intimal proliferation.
perchlorate blocking. Assuming a specific volume of 3.7 Intravascular radiotherapy, however, might not have GBq / ml, the balloon contains 518 MBq in 0.134-ml only beneficial effects. Several severe complications such volume. A complete release would result in a whole body as acute thrombosis of the vessel, fibrosis or, especially in radiation exposure of 83 mSv when using perchlorate. high dose brachytherapy, aneurysm formation are disAngioplasty procedures, however, cause radiation expocussed. In accordance with Waksman's findings [7] we did sures in the same range. not detect structural damage in the vessel wall caused by radiation, and to a large extent the internal elastic lamina was covered by a monolayer of cells in both high dose 5. Study limitations groups. But staining for vWF revealed a problem of radiation therapy: even at the lowest radiation dosage, in
The hypercholesterolemic rabbit model of restenosis is contrast to control, only a few cells which were not established and allows an accurate measurement of all vWF-positive could be detected in the luminal cell layer, neointimal parameters, as the internal elastic lamina is not which means the almost complete lack of functional intact damaged. The time course of intimal proliferation after endothelium 28 days after intervention. Delayed re-endovessel injury is well known [17, 28] and the results of thelialisation may be responsible for thrombosis of the different studies with this model could be confirmed in vessel even weeks after intervention. In the porcine model, clinical studies [29] [30] [31] [32] [33] . Nevertheless this model certainly Vodovotz et al. [25] reported a dose dependent increase of is limited in several aspects. Endothelium denudation in the overall thrombosis rate in irradiated vessels, whereas native vessels can hardly be compared to balloon angiopthe rate of luminal thrombus formation was found to be lasty in a human coronary artery with extended atherodecreased. Thromboses of irradiated vessel segments have sclerosis: the proliferative response after vessel injury group, where neointimal hyperplasia was inhibited com- 
